The research results of anodic deposition of crystalline niobium oxide are presented in this work. The factors that have an impact on crystalline phase nucleation and its primary growth are revealed. Dependence of morphology and properties of nanoporous niobium oxide on modes of its formation is shown.
Introduction
Increasing attention is being paid nowadays to the creation and studying of material properties that have nanometer structures. Anodic oxidation of valve metals (Al, Ti, Nb, Ta) is widely used for the formation of nanostructured oxide films. Self-organisation of nanoporous structures during electrochemical processing is completely revealed during the formation of porous anodic oxides of aluminium and titanium. These are distinguished by a high degree of sequence in the arrangement of pores and the possibility to operate in a variation of surface morphologies and thickness of the oxide film [1 2] .
Anodic niobium oxide deposition in the fluoride-containing electrolytes differs significantly from the porous oxide in aluminium and titanium dioxide nanotubes. Under certain conditions of anodisation, anodic oxide films (AOF) Nb 2 O 5 are formed alongside the crystalline structure in the form of microcones [3, 4] . This leads to the common use of similar layers in various devices and designs, for example, in gas sensors [5] , catalysts [6] , electric capacitors and electrochromic devices [7] , as well as in thin-film lithium ion batteries [8] , etc.
A r t i c l e i n P r e s s
The researchers' views on the mechanism of nucleation and the formation of crystalline structure of porous AOF niobium are inconsistent. Therefore, it is noted [9] that formation of the crystalline phase takes place under the influence of the internal tension that arises with a growth in oxide thickness. It is proposed in the work of Oikawa et al. [10] that formation of niobium oxide microcones has to be connected with non-uniform chemical dissolution of the anodic film during anodisation.
From our point of view, it is necessary to consider the chemical nature of niobium, which belongs to d-type elements, for understanding the nucleation and growth of the crystalline phase mechanism. When one electron has been released, it turns into an ion with empty external dlevels. As a result, the formed ion tries to achieve a stable electronic configuration, especially with oxygen and other non-metals. It is the existence of incomplete configurations of d-electrons that causes niobium to display a wide range of the valence states. The possibility of their existence is proved by thermodynamic calculations [11] [12] [13] ; it is also shown that low valence oxides have to be on a metal/high valence oxide boundary. According to the authors [11] [12] [13] , the transition zone cannot be considered as a certain plane-parallel layer between a metal and the high valence oxide. Local inhomogeneity on the metal surface, the border of grains, dislocation, admixture atoms and other structural and chemical defects are considered to be the centres of increased surface energy. At these centres, oxygen diffusion into metal is simplified and the primary formation of the lowest valence oxides is possible exactly here. As was shown in [7] , films generated in potassium nitrate melt instead of forming an entire niobium pentoxide layer (as had first been suspected), creating a «sandwich» of Nb 2 O 5 , NbO 2 and NbO phases (in the direction from oxide surface to niobium).
During discussion of the research results in this article, it was taken into account [13] that, in contrast to thermal crystallisation, no transformation of an amorphous into crystalline film occurred at niobium anodising.
The present work is aimed to identifying the factors defining primary formation of nanoporous crystalline in niobium oxide solutions containing the activator.
Experiment

Electrochemical investigations
AOF was formed in solutions of 1 M H 2 SO 4 with the addition of various HF concentrations (0.5 -2 M). Anodisation was carried out at room temperature in a volt-static mode and varying voltage in the range of 60 to 80 V. Platinum was used as a cathode electrode. Polarisation was carried out on potentiostat PI 50-1.1 with a scan rate of 10 -2 V/s in potentiodynamic mode [14] . The copperdecoration method was used for the research of synthesised AOF conductivity. For this purpose, the cathode samples were polarised in a solution of 220 g/L CuSO 4 + 60 g/L H 2 SO 4 . The copper plate worked as an anode, while niobium with the deposited oxide film functioned as a cathode.
SEM and X-ray investigation
Composition of the synthesised coatings was defined using a scanning electronic microscope JSM-7001F with the x-ray energy-dispersive micro-analyser Oxford INCA PentaFET-x3. Morphology of the received coatings was studied by applying the scanning electronic microscopy (SEM) method alongside the use of microscopes JSM-7001F, JSM-6390LV. The X-ray structure analysis of films was carried out using diffractometer DRON-2 with CuK a radiation.
A r t i c l e i n P r e s s
Results and Discussion
Initially, niobium surface structure was considered as defective and containing natural oxide film that inherited defects after preparatory operations. In this regard, it was assumed that along the niobium surface at potential imposing, distribution of the electric field is non-uniform and velocity of the process' electrochemical growth and oxide dissolution on various sites of the surface are not identical, and depend on the degree of its deficiency and the composition of liquid facing a electric double layer. In defective sites, the dissolution process has to proceed at a highspeed rate followed with formation of pore seeds when field density is small, and crystalline phase seeds when a strong field is available.
For identification of the factors that have an impact on the generation of the crystalline phase at Nb 2 O 5 formation, we considered the received anodic polarisation curves (Fig. 1) . The size of the stationary potential of the niobium electrode in electrolyte with fluoride ions had a value that was more negative at fluoride concentration growth. Therefore, activation of the surface takes place without imposing the electric current when fluoride is present.
One maximum of current was observed on curves; this confirmed irreversibility of niobium oxide formation. Current peak value increased with the growth of fluoride ion concentration in electrolyte. A sharp rise of anode current and system transition into a passive condition was connected to the formation of the oxide monolayer of the higher oxidation state at the interface with electrolyte. The higher niobium oxides were insulators with a wide band gap and therefore had bad electronic conductivity; the low oxides and hydroxides functioned like semiconductors. Only stoichiometrical oxides acted as a barrier, with higher oxides being formed by means of full oxidation of the lowest oxides [12] .
The results showed that processing of polarisation curves on a site of current rise (Fig. 1 ) in semi-logarithmical coordinates transformed into a straight line in log (1 +j a /j lim ) coordinates vs. ΔЕ; therefore, the process rate of monolayer formation of the higher oxide was determined by diffusion kinetics.
A r t i c l e i n P r e s s
The multilayer niobium oxide formed when potentials were more positive than 1 V. If there was no activator in the solution (Fig. 1, curve 5) , current practically did not depend on potential; thus, the AOF of the barrier type that had an amorphous structure was formed on niobium. The current grew in the system when concentration of the activator (fluoride ion) increased; thus, velocities of oxide formation and dissolution processes in active centres defined the geometry of porous amorphous anodic niobium oxide.
Being based on the analysis of theoretical regularities and experimental data on AOF formation on niobium, the argument can be made that its ionisation proceeds on the solid-phase multi surface mechanism [12] by formation of niobium oxides of the lowest valence. Оuter layers, which were enriched with more oxygen, were the oxides of highest valence. Rate of niobium ionisation was controlled by the rate of mass transfer of oxygen-containing particles. The process of nanoporous oxide formation was defined by technological parameters of anodisation.
Results of the X-ray energy dispersive microanalyser (Fig. 2) confirmed that the synthesised films corresponded to the stoichiometric composition of Nb 2 O 5 oxide, as concentration of elements (at. %) satisfied the ratio 2:5 in the received samples (Table 1 ). Formation of crystalline oxide required the availability of the low oxides in a transitional layer on a metal/oxide boundary and a strong electric activity field. It is known that, in contrast to high oxides, in low oxides the link metal-oxide is mainly ionic, and it exists in a transitional layer in the form of the crystalline phase. It can be assumed that these oxides appear the elements that will form the future crystal grain. In paper [12] , it is shown that crystallisation velocity grows with an increase in low valent cation concentrations of oxidised metal.
As mentioned above, AOF crystalline formation on niobium in electrolyte at room temperatures required an active and strong electric field, which was necessary for carrying out the process in a volt-static mode. Crystals were formed from grains under an amorphous film in an upper metal surface layer. Kinetics of crystalline phase formation in a volt-static mode was defined by the composition of electrolyte and temperature in the reaction zone.
While the crystal grew under the film, without destroying it, gradual current decreases were applied at the volt-static mode of AOF formation on niobium (Figs. 3, 4) . After separate crystals broke the amorphous oxide, the current increased as long as the area occupied with a crystal phase grew while crystallisation developed. Crystals connected amongst themselves while they grew and then the current gradually began dropping. Velocity of the crystalline phase formation and growth processes increased with the activator concentration jump (Fig. 3) . The authors of [12] offered to call the time from the start of anodisation to the current growth using the Nb-Nb 2 O 5 -electrolyte (MOE) system, as the incubatory period was connected with nucleation and the growth of crystals under the amorphous film of Nb 2 O 5 . After completion of the incubatory period in a chain of the MOE system, rapid increase of the current was observed (Figs. 3, 4) , which can be explained due to contact of electrolyte with the crystal surface. While the crystallisation process was developing, the area occupied with the crystal phase increased and current growth in the MOE system chain slowed down.
Growing crystals had the wrong polyhedron form (Figs. 5, 6 ). The authors of [4] called similar formations microcones of niobium oxide. Such crystalline formations consist of needle crystals that radiate from the crystallisation centre. Wrongly formed crystals are connected with sectors that grow at various speeds. All microcones (Figs. 5, 6 ) consisted of strongly furcated nanofibres of niobium oxide and created a well-developed oxide film surface.
A r t i c l e
i n P r e s s It can be seen that crystalline oxide increased electric conductivity (Fig.6 , curve 3) in comparison with the amorphous porous structure of niobium oxide (Fig. 7) and the solid barrier oxide using the decoration method. As stated above, anodic niobium oxides of the crystalline structure had to possess electronic conductivity, in contrast to amorphous films. As can be seen in Fig. 6 , allocation of copper on films of the amorphous structure practically did not occur in the range of 0.2 -0.4 V. When cathode polarisation was 0.4 V and above, copper allocation on a sample with crystalline AOF (Fig. 6, curve 3) had a larger velocity. Therefore, resistance on the interfaces of solution CuSO 4 -AOF -niobium varied significantly for the received coatings. By means of the X-ray diffraction analysis method it was confirmed that niobium AOF, having been synthesised during 1 h was X-ray amorphous (see Fig. 8, curve 2) ; in the same electrolyte, the crystalline oxide was formed on long anodisation. On the received roentgenogram there were peaks that corresponded to crystalline Nb 2 O 5 (Fig. 8, curve 1) .
i n P r e s s 
Conclusions
Based on the research conducted it can therefore be assumed that AOF formation on niobium proceeds on the solid-phase poly-surface mechanism by formation of low valence oxides, which are grains of the crystalline phase at formation of oxide monolayer. Growth of poly-layer crystalline niobium oxide was observed to take place under the amorphous film of Nb 2 O 5 . After completion of the incubatory period, growing crystals broke the barrier film and the crystallisation process developed on the entire surface of the sample. Predominant formation of nanoporous crystalline oxide of niobium took place in a volt-static mode and at strong field activity in electrolyte containing the activator. The superficial crystalline structure had a nanoporous structure. Its morphology depended on the fluoride ion concentration in the solution, voltage and anodisation time.
